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FISHBONE LONG CHANNEL NANOSHEET
DEVICE

BACKGROUND

The present invention relates generally to semiconductor
devices, and more specifically, to a fishbone long channel
nanosheet device.

Gate-all-around structure field eflect transistors (FETs),
such as nanosheet devices, can provide better electrostatic
control 1 order to meet the need for further aggressive
device scaling. Long channel devices for gate-all-around
transistors are beneficial for input/output (I/0O) devices.
However, a sagging eflect caused by surface tension has
been observed which can potentially reduce an eflective
channel area, degrade gate control, and increase threshold
voltage variability.

SUMMARY

In accordance with an embodiment, a method 1s provided
for reducing sagging eflects 1n nanosheet devices. The
method includes forming at least two nanosheet structures
over a substrate, wherein each nanosheet structure includes
alternating layers of a first semiconductor material and a
second semiconductor material, depositing a dielectric layer
over the at least two nanosheet structures, depositing a
dummy gate over the dielectric layer, etching the first
semiconductor material to create voids filled with 1nner
spacers, removing the dummy gate and the dielectric layer
such that a supporting dielectric section remains between the
at least two nanosheet structures, and removing the etched
first semiconductor material such that a supporting structure
1s defined including the supporting dielectric section and the
second semiconductor material.

In accordance with another embodiment, a method 1s
provided for reducing sagging effects 1n nanosheet devices.
The method includes forming at least two nanosheet struc-
tures over a substrate, wherein each nanosheet structure
includes alternating layers of a first semiconductor material
and a second semiconductor material, forming a supporting
dielectric section 1n a pinch-ofl region of the at least two
nanosheet structures, and removing etched first semiconduc-
tor material from the at least two nano sheet structures such
that a supporting structure 1s defined including the support-
ing dielectric section and the second semiconductor mate-
rial.

In accordance with yet another embodiment, a semicon-
ductor device for reducing sagging eflects in nanosheet
devices 1s provided. The semiconductor device includes a
long channel nanosheet device and a supporting dielectric
section disposed 1n a pinch-ofl region of the long channel
nanosheet device such that a supporting structure 1s defined
including the supporting dielectric section and alternating
semiconductor material layers of the long channel nanosheet
device.

It should be noted that the exemplary embodiments are
described with reference to different subject-matters. In
particular, some embodiments are described with reference
to method type claims whereas other embodiments have
been described with reference to apparatus type claims.
However, a person skilled 1n the art will gather from the
above and the following description that, unless otherwise
notified, 1n addition to any combination of features belong-
ing to one type of subject-matter, also any combination
between features relating to different subject-matters, in
particular, between features of the method type claims, and
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2

features of the apparatus type claims, 1s considered as to be
described within this document.

These and other features and advantages will become
apparent from the following detailed description of illustra-

tive embodiments thereot, which 1s to be read 1n connection
with the accompanying drawings.

BRIEF DESCRIPTION OF TH.

(Ll

DRAWINGS

The mvention will provide details 1n the following
description of preferred embodiments with reference to the
following figures wherein:

FIG. 1 1s a cross-sectional view of a nanosheet structure
alter extreme ultraviolet (EUV) patterning, in accordance
with an embodiment of the present invention;

FIG. 2 1s a cross-sectional view of the semiconductor
structure of FIG. 1 where spacers are formed adjacent
hardmasks deposited over the nanosheet structures, 1n accor-
dance with an embodiment of the present invention;

FIG. 3 1s a cross-sectional view of the semiconductor
structure of FIG. 2 where the nanosheet structures are
patterned, 1n accordance with an embodiment of the present
invention;

FIG. 4 1s a cross-sectional view of the semiconductor
structure of FIG. 3 where the hardmasks are removed, 1n
accordance with an embodiment of the present invention;

FIG. 5 1s a cross-sectional view of the semiconductor
structure of FI1G. 4 where a dielectric layer 1s deposited over
the nanosheet structures, 1n accordance with an embodiment
of the present invention;

FIG. 6 1s a cross-sectional view of the semiconductor
structure of FIG. 5 where a dummy gate and sacrificial cap
are deposited, 1n accordance with an embodiment of the
present invention;

FIG. 7 1s a cross-sectional view of the semiconductor
structure of FIG. 6 where inner spacers and outer spacers are
formed, 1 accordance with an embodiment of the present
invention;

FIG. 8 1s a cross-sectional view of the semiconductor
structure of FIG. 7 where source/drain ep1 regions are
formed and an interlayer dielectric (ILD) 1s deposited, 1n
accordance with an embodiment of the present invention;

FIG. 9 1s a cross-sectional view of the semiconductor
structure of FIG. 8 where the dummy gate 1s removed, 1n
accordance with an embodiment of the present invention;

FIG. 10 1s a cross-sectional view of the semiconductor
structure of FIG. 9 where the dielectric layer 1s removed
such that a dielectric section remains 1n a pinch-ofl region,
in accordance with an embodiment of the present invention;

FIG. 11 1s a cross-sectional view of the semiconductor
structure of FIG. 10 where an alternating layer of semicon-
ductor material 1s removed from the nanosheet structure
resulting 1n openings, in accordance with an embodiment of
the present invention; and

FIG. 12 1s a cross-sectional view of the semiconductor
structure of FIG. 11 where a high-k metal gate 1s formed
within the openings, 1n accordance with an embodiment of
the present invention.

Throughout the drawings, same or similar reference
numerals represent the same or similar elements.

DETAILED DESCRIPTION

Embodiments 1n accordance with the present invention
provide methods and devices for reducing a sagging eflect in
long channel devices to optimize long channel device behav-
ior. Nanosheets provide for viable device architectures for
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scaling complementary metal oxide semiconductors
(CMOS) beyond the 7 nm node. Thin gate dielectric
nanosheet transistors can be used, e.g., for logic and static
random access memory (SRAM) applications, whereas thick
gate dielectric nanosheet transistors can be used, e.g., for
high voltage applications.

Long channel nanosheet devices can experience
nanosheet bending i1ssues after silicon germanium (S1Ge)
release. Embodiments 1n accordance with the present inven-
tion alleviate such bending 1ssue or sagging eflect by pro-
viding exemplary methods and devices for employing a
fishbone structure including a supporting material that
greatly reduces the sagging eflect for the long channel
device. Thus, the remaining alternating semiconductor
maternial layers are stabilized or secured to maintain or
preserve or uphold their shape such that no or minimally
negligent bending or sagging eflects are present along a
length of the alternating semiconductor layers. Thus, the
semiconductor layers remain firm or stifl along their entire
length.

Examples of semiconductor materials that can be used in
forming such nanosheet structures include silicon (S1), ger-
manium (Ge), silicon germanium alloys (S1Ge), carbon
doped silicon (S1:C), carbon doped silicon germanium
(S1Ge:C), III-V compound semiconductors and/or II-VI
compound semiconductors. II1I-V compound semiconduc-
tors are materials that include at least one element from
Group III of the Periodic Table of Elements and at least one
clement from Group V of the Periodic Table of Flements.
I1-VI compound semiconductors are materials that include at
least one element from Group II of the Periodic Table of
Elements and at least one element from Group VI of the
Periodic Table of Elements.

It 1s to be understood that the present mvention will be
described 1n terms of a given 1llustrative architecture; how-
ever, other architectures, structures, substrate materials and
process features and steps/blocks can be varied within the
scope of the present invention. It should be noted that certain
teatures cannot be shown 1n all figures for the sake of clarity.
This 1s not intended to be interpreted as a limitation of any
particular embodiment, or illustration, or scope of the
claims.

FIG. 1 15 a cross-sectional view of a nanosheet structure
alfter extreme ultraviolet (EUV) patterning, in accordance
with an embodiment of the present invention.

A semiconductor structure 5 includes a semiconductor
substrate 10. A buried oxide (BOX) layer 12 1s formed over
the semiconductor substrate 10. A nanosheet stack 20 can be
tormed over the BOX layer 12. The nanosheet stack 20 can
include, e.g., alternating layers of a first semiconductor
material 22 and a second semiconductor material 24. The
first semiconductor material 22 can be, e.g., silicon germa-
nium (S1Ge) and the second semiconductor material 24 can
be, e.g., silicon (S1).

Semiconductor structure 5 1s a cross-sectional view along
axis Y1 of top view 7.

Semiconductor structure §' 1s a cross-sectional view along
axis Y2 of top view 9.

A hardmask 26 1s deposited over nanosheet structure 20 1n
structure 5 and hardmasks 28 are deposited over nanosheet
structure 20 1n structure 5'. In structure 5', a distance
between hardmask portions or sections 28 1s designated as
29. The direct EUV can print less than 20 nm.

The substrate 10 can be crystalline, semi-crystalline,
microcrystalline, or amorphous. The substrate 10 can be
essentially (e.g., except for contaminants) a single element
(e.g., silicon), primarily (e.g., with doping) of a single
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clement, for example, silicon (S1) or germanium (Ge), or the
substrate 10 can include a compound, for example, GaAs,
S1C, or S1Ge. The substrate 10 can also have multiple
matenial layers. In some embodiments, the substrate 10
includes a semiconductor material including, but not neces-
sarily limited to, silicon (Si1), silicon germanium (S1Ge),
S1:C (carbon doped silicon), carbon doped silicon germa-
nium (S1Ge:C), III-V (e.g., GaAs, InGaAs, InAs, InP, etc.),
II-V compound semiconductor (e.g., ZnSe, ZnTe, ZnCdSe,
etc.) or other like semiconductor. In addition, multiple layers
of the semiconductor materials can be used as the semicon-
ductor material of the substrate 10. In some embodiments,
the substrate 10 includes both semiconductor materials and
dielectric materials. The semiconductor substrate 10 can
also include an organic semiconductor or a layered semi-
conductor such as, for example, S1/S1Ge, a silicon-on-
isulator or a Si1Ge-on-1nsulator. A portion or entire semi-
conductor substrate 10 can be amorphous, polycrystalline, or
monocrystalline. In addition to the aforementioned types of
semiconductor substrates, the semiconductor substrate 10
employed 1n the present invention can also include a hybnd
oriented (HOT) semiconductor substrate in which the HOT
substrate has surface regions of different crystallographic
orientation.

Examples of semiconductor materials that can be used 1n
forming such nanosheet structures 20 include at least silicon
(S1), germanium (Ge), silicon germanium alloys (Si1Ge),
carbon doped silicon (S1:C), carbon doped silicon germa-
nium (S1Ge:C), I1I-V compound semiconductors and/or 1I-
VI compound semiconductors.

Other non-limiting examples of semiconductor matenals
for the first and second semiconductor layers 22, 24 of the
nanosheet stack 20 include Si1 (silicon), strained Si1, carbon
doped S1:C, Ge (germanium), S1Ge:C (carbon doped silicon-
germanium), S1 alloys, Ge alloys, GaAs (gallium arsenide),
InAs (indium arsenide), InP (indium phosphide), InGaAs
(Indium gallium arsenide) or any combination thereof.

One skilled in the art can contemplate a number of
different semiconductor materials for forming the nanosheet
structures 20.

First and second semiconductor layers 22, 24 can be
formed over the substrate 10 by for example, chemical vapor
deposition (CVD) (liquid phase (LP) or reduced pressure
chemical vapor deposition (RPCVD), vapor-phase epitaxy
(VPE), molecular-beam epitaxy (MBE), liquid-phase epi-
taxy (LPE), metal organic chemical vapor deposition
(MOCVD), or other suitable processes.

The capping materials 26, 28 can include any one or more
of SiN, Si1CN, S1BN and/or SiBCN, among other materials.
In a preferred embodiment, the hardmask layers 26, 28 can
be silicon nitride (S1N), for example, S1,N,,.

In one or more embodiments, the hardmask layers 26, 28
can have a thickness in the range of about 10 nm to about
100 nm, or 1n the range of about 35 nm to about 75 nm, or
in the range of about 45 nm to about 55 nm, although other
thicknesses are contemplated.

FIG. 2 1s a cross-sectional view of the semiconductor
structure of FIG. 1 where spacers are formed adjacent
hardmasks deposited over the nanosheet structures, 1n accor-
dance with an embodiment of the present invention.

In various example embodiments, spacers 30 are formed
adjacent hardmasks 26, 28. In structure 5', a distance
between spacers 30 1s designated as 32. Thus, after spacer
formation, the critical dimension (CD) can shrink to less
than 10 nm.

The spacers 30 can be, for example, silicon dioxide,
silicon nitride, S1OCN, or SiBCN. Other non-limiting
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examples of matenals for the spacers 30 include dielectric
oxides (e.g., silicon oxide), dielectric nitrides (e.g., silicon
nitride), dielectric oxymitrides, or any combination thereof.
The spacer matenial can be deposited by a deposition pro-
cess, for example, chemical vapor deposition (CVD) or
physical vapor deposition (PVD).

FIG. 3 1s a cross-sectional view of the semiconductor
structure of FIG. 2 where the nanosheet structures are
patterned, in accordance with an embodiment of the present
invention.

In various example embodiments, the nanosheet structure
20 1s patterned. A dry etch process, for example, a reactive
ion etch (RIE) process, 1s performed to trim the sidewalls of
the nanosheet stack 20. A top surface 13 of the BOX layer
12 1s thus exposed. The resulting trimmed nanosheet stack 1s
designated as 20'. A gap 34 1s also present between the
nanosheet stacks 20' in structure 5'. The gap 34 extends to a
top surface 13 of the BOX layer 12.

FIG. 4 1s a cross-sectional view of the semiconductor
structure of FIG. 3 where the hardmasks are removed, 1n
accordance with an embodiment of the present invention.

In various example embodiments, the hardmask 26, 28 are
removed. The removal of the hardmasks 26, 28 results 1n the
tull exposure of nanosheet stacks 20'. Additionally, a gap 34'
remains between the nanosheet stacks 20' 1in structure 3'.

FIG. 5 1s a cross-sectional view of the semiconductor
structure of FIG. 4 where a dielectric layer 1s deposited over
the nanosheet structures, 1n accordance with an embodiment
ol the present invention.

In various example embodiments, a dielectric layer 40 1s
deposited over the nanosheet stacks 20'. In structure 5', the
dielectric layer 40 will extend into a pinch off region 47
defined between the nanosheet stacks 20'.

The dielectric layer 40 can include, but 1s not limited to,
ultra-low-k (ULK) materials, such as, for example, porous
silicates, carbon doped oxides, silicon dioxides, silicon
nitrides, silicon oxynitrides, carbon-doped silicon oxide
(S1ICOH) and porous variants thereof, silsesquioxanes,
siloxanes, or other dielectric materials having, for example,
a dielectric constant 1n the range of about 2 to about 4.

One example of a material suitable for the low-k materials
tor the low-k dielectric layer 40 can include silicon oxycar-
bonitride (S10CN). Other low-k matenials that can also be
used for the low-k material layer 40 can include fluorine
doped silicon dioxide, carbon doped silicon dioxide, porous
silicon dioxide, porous carbon doped silicon dioxide,
organosilicate glass (OSG), diamond-like carbon (DLC) and
combinations thereof.

In some embodiments, the low-k dielectric layer 40 can be
conformally deposited using chemical vapor deposition
(CVD). Vaniations of CVD processes suitable for forming
the dielectric layer 40 include, but are not limited to,
Atmospheric Pressure CVD (APCVD), Low Pressure CVD
(LPCVD) and Plasma Enhanced CVD (PECVD), Metal-
Organic CVD (MOCVD) and combinations thereof can also
be employed.

FIG. 6 1s a cross-sectional view of the semiconductor
structure of FIG. 5 where a dummy gate and sacrificial cap
are deposited, 1n accordance with an embodiment of the
present mvention.

In various example embodiments, a dummy gate 42 and
a hardmask 44 are deposited over the nanosheet stacks 20'.
The dummy gate 42 can be formed over the nanosheet stacks
20", whereas the hardmask 44 can be formed over the
dummy gate 42.

Structure 43 1s a cross-sectional view along axis Y1 of top
view 7.
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Structure 45' 1s a cross-sectional view along axis Y2 of top
view 9.

Structure 30 1s a cross-sectional view along axis X1 of top
view 7.

Structure 50' 15 a cross-sectional view along axis X2 of top
view 9.

Dummy gate 42 materials include, but are not limited to,
any one or more of amorphous or polycrystalline S1, S10,,
S10N, Si1Ge, Ge, GeO,, amorphous C, BC, CN, etc.

In various example embodiments, the hardmask layer 44
can be a nitride, for example, a silicon nitride (SiN), an
oxynitride, for example, silicon oxynitride (S1ON), or a
combination thereof.

The dummy gate 42 can be deposited by a deposition
process, mcluding, but not limited to, physical vapor depo-
sition (PVD), chemical vapor deposition (CVD), plasma
enhanced chemical vapor deposition (PECVD), inductively
coupled plasma chemical vapor deposition (ICP CVD), or
any combination thereof.

FIG. 7 1s a cross-sectional view of the semiconductor
structure of FIG. 6 where 1nner spacers and outer spacers are
formed, 1n accordance with an embodiment of the present
invention.

In various example embodiments, the first semiconductor
material 22 of the nanosheet stack 20' can be etched such
that inner spacers 54 are formed adjacent the etched material
22" as 1illustrated 1n structures 50, 50'. Additionally outer
spacers 52 can be formed adjacent the dummy gate 42 and
the hardmask 44. The inner spacers 54 are vertically aligned
with the outer spacers 52.

A wet etch process can be performed to form the lateral
recesses (voids) i the semiconductor layer 22 of the
nanosheet stack 20'. The wet etch process selectively
removes portions of the first semiconductor layer 22 and
depends on the materials forming the first and second
semiconductor layers 22, 24. The wet etch process can

include, for example, buflered hydrofluoric acid (BHF),
hydrofluoric acid (HF), hydrofluoric nitric acid (HNA),

phosphoric acid, HF diluted by ethylene glycol (HFEG),
hydrochloric acid (HCl), or any combination thereof.

The semiconductor layer 22 that 1s removed can be the
S1Ge material. In some embodiments, the selective removal
of the S1Ge layers 22 1s performed by hydrochloride gas at
a temperature ranging from about 500° C. to about 800° C.
As a result, the S1 material layer 24 of the nanosheet stack
20" remains 1ntact.

The mner spacer maternial 54 fills the gaps between the
second semiconductor layers 24. The mner spacer material
54 directly contacts the BOX layer 12 and alternates with the
first semiconductor layer 22'.

The inner spacer material 54 can be a dielectric matenal,
for example, a low-k dielectric material having a k of less
than 5. The mner spacer material 54 can be deposited 1n the
lateral recesses by performing a deposition process, for
example, ALD, PVD, CVD, or other like processes. The
inner spacer material 54 can include, but 1s not limited to,
silicon dioxide, tetracthylorthosilicate (TEOS) oxide, digl
aspect ratio plasma (HARP) oxide, silicon oxide, high
temperature oxide (HTO), high densﬂy plasma (HDP) oxade,
oxides formed by an atomic layer deposition (ALD) process,
silicon nitride, silicon oxynitride, silicon borocarbonitride
(S1BCN) or any combination thereof.

In one example, the inner spacers 54 and the outer spacers
52 can be composed of any one or more of S1N, SiBN, SiCN
and/or SIBCN films.

FIG. 8 1s a cross-sectional view of the semiconductor
structure of FIG. 7 where source/drain ep1 regions are
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formed and an interlayer dielectric (ILD) 1s deposited, 1n

accordance with an embodiment of the present invention.
In various example embodiments, source/drain (S/D)

regions 56 can be formed by performing an epitaxial growth

process to form epitaxial growth on the exposed surfaces of 53

nanosheet stack 20' and on the BOX layer 12. The S/D
regions 56 can directly contact sidewalls of all the inner
spacers 34. The S/D regions 36 can directly contact lower
sidewalls of the outer spacers 52. The S/D regions 56 further
directly contact the sidewalls of all of the second semicon-
ductor material 24 of the nanosheet stacks 20'.

The epitaxial growth forming the source/drain 56 can be
formed using a growth process, for example, chemical vapor
deposition (CVD) (liquid phase (LP) or reduced pressure
chemical vapor deposition (RPCVD), vapor-phase epitaxy
(VPE), molecular-beam epitaxy (MBE), liquid-phase epi-
taxy (LPE), metal organic chemical vapor deposition
(MOCVD), or other suitable processes.

The terms “‘epitaxial growth™ and “epitaxial deposition”™
refer to the growth of a semiconductor material on a depo-
sition surface of a semiconductor material, in which the
semiconductor material being grown has substantially the
same crystalline characteristics as the semiconductor mate-
rial of the deposition surface. The term “epitaxial material™
denotes a material that 1s formed using epitaxial growth. In
some embodiments, when the chemical reactants are con-
trolled and the system parameters set correctly, the depos-
iting atoms arrive at the deposition surface with suilicient
energy to move around on the surface and orient themselves
to the crystal arrangement of the atoms of the deposition
surface. Thus, 1n some examples, an epitaxial film deposited
on a {100} crystal surface will take on a {100} orientation.

An ILD 58 can then be formed over the S/D regions 36.
The ILD 38 directly contacts the sidewalls of the outer
spacers 52. The ILD 58 can be planarized by, e.g., chemical
mechanical planarization (CMP).

The ILD 38 can be any suitable dielectric such as, for
example, silicon oxide (510), silicon mitride (Si1N), silicon
oxynitride, silicon boron carbon nitride (SiBCN), silicon
oxygen carbon nitride (S1OCN), silicon oxygen carbon
(S10C), silicon carbon nitride (S1CN), hydrogenated oxi-
dized silicon carbon (S1COH), or any suitable combination
of those materials. In one example, the ILD 58 can be a
low-k oxide.

Additionally, the hardmask 44 i1s removed to expose a top
surface 43 of the dummy gate 42.

FIG. 9 1s a cross-sectional view of the semiconductor
structure of FIG. 8 where the dummy gate 1s removed, 1n
accordance with an embodiment of the present invention.

In various example embodiments, the dummy gate 42 can
be removed by implementing an RIE process and/or a wet
etching process. If the dummy gate 42 1s made of amorphous
or poly-Si1, 1t can be etched 1n hot NH,OH or Tetramethyl-
ammonium hydroxide (TMAH) chemistries in a manner that
1s selective to the dielectric layer 40.

The removal of the dummy gate 42 results 1n the structure
60 (along axis Y1; FIG. 1) and structure 60' (along axis Y2;
FIG. 1), where the dielectric layer 40 1s fully exposed.
Moreover, the removal of the dummy gate 42 results 1n the
structure 70 (along axis X1; FIG. 1) and structure 70' (along
axis X2; FIG. 1), where a top surface 41 of the dielectric
layer 40 1s exposed, and openings 72 are defined between the
outer spacers 52.

FIG. 10 1s a cross-sectional view of the semiconductor
structure of FIG. 9 where the dielectric layer is removed
such that a dielectric section remains 1n a pinch-ofl region,
in accordance with an embodiment of the present invention.
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In various example embodiments, the dielectric layer 40
1s removed such that a dielectric section 75 remains 1n a
pinch-ofl region 47. The dielectric section 75 can extend to
a top surface of the nanosheet stacks 20'. The dielectric
section 75 helps support the nanosheet structure from bend-
ing in the long channel. Stated differently, the dielectric
section 75 helps stabilize or secure the semiconductor layers
24 to maintain or preserve or uphold their shape such that no
or mimmimally negligent bending or sagging effects are pres-
ent along a length of the semiconductor layers 24. Thus, the
semiconductor layers 24 remain {irm or stifl across or along
their entire length.

FIG. 11 1s a cross-sectional view of the semiconductor
structure of FIG. 10 where an alternating layer of semicon-
ductor material 1s removed from the nanosheet structure
resulting 1n openings, in accordance with an embodiment of
the present ivention.

In various example embodiments, an alternating layer of
semiconductor material 22' 1s removed from the nanosheet
stacks 20' resulting 1n openings 77. The remaining structure
76 can be referred to as a fishbone structure or supporting
structure. The fishbone structure 76 includes the dielectric
section 75, as well as the layers of the second semiconductor
material 24 (e.g., S1 layers). The dielectric section 73 helps
support the nanosheet structure from bending in the long
channel.

Structures 70, 70" further illustrate openings 72 where the
dummy gate 42 was previously removed. Openings 77 are
defined between the second semiconductor layers 24.

FIG. 12 1s a cross-sectional view of the semiconductor
structure of FIG. 11 where a high-k metal gate 1s formed
within the openings, 1n accordance with an embodiment of
the present invention.

In various example embodiments, high-k metal gate 82 1s
deposited. The high-k metal gate can be referred to as a
replacement gate.

Replacement gates 82 are formed 1n regions or openings
72, 77 of the device structure previously occupied by the
dummy gates 42 and the S1Ge material 22. In one example,
a high-k matenal and a work function metal can be depos-
ited. The high-k material can be any of the materials HIO,,
HiS10_, AL, O,, ZrO,, ZrS10_, among other materials. The
work function material can include any of the following
metal compounds TiN, TaN, TiC, TaC, La,O;, Al, AlO_,
among other materials. Both high-k and work function
metals can be deposited by PVD, CVD or ALD processes.
The high-k metal gate 82 can be planarized by, e¢.g., chemi-
cal mechanical planarnization (CMP).

The deposition of the high metal gate 82 results in the
structure 80 (along axis Y1; FIG. 1) and structure 80' (along
axis Y2; FIG. 1). Moreover, the deposition of the high metal
gate 82 results 1n the structure 90 (along axis X1; FIG. 1) and
structure 90' (along axis X2; FIG. 1). The fishbone structure
76 1s 1llustrated 1n structure 80' where 1s appears surrounded
or encompassed by the high-k metal gate 82. The dielectric
section 75 helps support the nanosheet structure from bend-
ing in the long channel.

In summary, the device structure of the exemplary
embodiments of the present invention includes at least one
nFET transistor and at least one pFET transistor, where in
the Y-cut, there 1s supporting material to hold the nanosheet
stack. The “fishbone™ dielectric material 1s in the middle or
central portion of sheet stack for the long channel device. In
the x-cut, the sagging eflect 1s thus greatly improved.

The method of the exemplary embodiments of the present
invention includes at least two nanosheet widths 1n pattern-
ing, using EUV mimimum print spacing as the supporting
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pillar in the downstream process, and employing the pinch-
ofl concept to back fill the openings with the dielectric
material.

Therefore, the methods and structures of the exemplary
embodiments form a supporting dielectric layer 1n a central
or middle region of the nanosheet long channel device to
prevent bending or channel collapse or the sagging effect to
optimize long channel device behavior. Thus, the methods
and structures of the exemplary embodiments present a
supporting structure in between nanosheet stacks, in the
active device region, to support the long channel device
from sagging by stabilizing or securing alternating layers of
a semiconductor material 1n a firm, non-bending state.

It 1s to be understood that the present mvention will be
described 1n terms of a given 1llustrative architecture; how-
ever, other architectures, structures, substrate materials and
process features and steps/blocks can be varied within the
scope of the present mnvention.

It will also be understood that when an element such as a
layer, region or substrate 1s referred to as being “on™ or
“over” another element, it can be directly on the other
clement or itervening elements can also be present. In
contrast, when an element 1s referred to as being “directly
on” or “directly over” another element, there are no inter-
vening elements present. It will also be understood that
when an element 1s referred to as being “connected” or
“coupled” to another element, it can be directly connected or
coupled to the other element or intervening elements can be
present. In contrast, when an element 1s referred to as being
“directly connected” or “directly coupled” to another ele-
ment, there are no intervening elements present.

The present embodiments can include a design for an
integrated circuit chip, which can be created 1n a graphical
computer programming language, and stored 1n a computer
storage medium (such as a disk, tape, physical hard drive, or
virtual hard drive such as in a storage access network). I1 the
designer does not fabricate chips or the photolithographic
masks used to fabricate chips, the designer can transmit the
resulting design by physical mechanisms (e.g., by providing,
a copy ol the storage medium storing the design) or elec-
tronically (e.g., through the Internet) to such entities,
directly or indirectly. The stored design i1s then converted
into the appropriate format (e.g., GDSII) for the fabrication
ol photolithographic masks, which include multiple copies
of the chip design in question that are to be formed on a
waler. The photolithographic masks are utilized to define
areas of the waler (and/or the layers thereon) to be etched or
otherwise processed.

Methods as described herein can be used 1n the fabrication
of integrated circuit chips. The resulting integrated circuit
chips can be distributed by the fabricator 1n raw water form
(that 1s, as a single watfer that has multiple unpackaged
chips), as a bare die, or 1n a packaged form. In the latter case,
the chip 1s mounted 1n a single chip package (such as a
plastic carrier, with leads that are aflixed to a motherboard
or other higher level carrier) or 1n a multichip package (such
as a ceramic carrier that has either or both surface intercon-
nections or buried interconnections). In any case, the chip 1s
then integrated with other chips, discrete circuit elements,
and/or other signal processing devices as part of either (a) an
intermediate product, such as a motherboard, or (b) an end
product. The end product can be any product that includes
integrated circuit chips, ranging from toys and other low-end
applications to advanced computer products having a dis-
play, a keyboard or other input device, and a central pro-
CEeSSOor.
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It should also be understood that material compounds will
be described 1n terms of listed elements, e.g., S1Ge. These
compounds include different proportions of the elements
within the compound, e.g., S1Ge includes S1_Ge,_, where x
1s less than or equal to 1, etc. In addition, other elements can
be included in the compound and still function 1n accordance
with the present embodiments. The compounds with addi-
tional elements will be referred to herein as alloys. Refer-
ence 1n the specification to “one embodiment™ “

or 4dn

embodiment” of the present invention, as well as other
variations thereof, means that a particular feature, structure,
characteristic, and so forth described in connection with the
embodiment 1s included 1n at least one embodiment of the
present invention. Thus, the appearances of the phrase “in
one embodiment” or “in an embodiment”, as well any other
variations, appearing in various places throughout the speci-
fication are not necessarily all referring to the same embodi-
ment.

It 1s to be appreciated that the use of any of the following
“/”, “and/or”, and “at least one of”, for example, in the cases
of “A/B”, “A and/or B” and “at least one of A and B”, 1s
intended to encompass the selection of the first listed option
(A) only, or the selection of the second listed option (B)
only, or the selection of both options (A and B). As a further
example, 1n the cases of “A, B, and/or C” and “at least one
of A, B, and C”, such phrasing is intended to encompass the
selection of the first listed option (A) only, or the selection
of the second listed option (B) only, or the selection of the
third listed option (C) only, or the selection of the first and
the second listed options (A and B) only, or the selection of
the first and third listed options (A and C) only, or the
selection of the second and third listed options (B and C)
only, or the selection of all three options (A and B and C).
This can be extended, as readily apparent by one of ordinary
skill 1n this and related arts, for as many items listed.

The terminology used herein 1s for the purpose of describ-
ing particular embodiments only and 1s not intended to be
limiting of example embodiments. As used herein, the
singular forms “a,” “an” and “the” are intended to include
the plural forms as well, unless the context clearly indicates
otherwise. It will be further understood that the terms
“comprises,” “‘comprising,” “includes” and/or “including,”
when used herein, specily the presence of stated features,
integers, steps, operations, elements and/or components, but
do not preclude the presence or addition of one or more other
features, integers, steps, operations, elements, components
and/or groups thereof.

Spatially relative terms, such as “beneath,” “below,”
“lower,” “above,” “upper,” and the like, can be used herein
for ease of description to describe one element’s or feature’s
relationship to another element(s) or feature(s) as illustrated
in the FIGS. It will be understood that the spatially relative
terms are mtended to encompass different orientations of the
device 1n use or operation in addition to the orientation
depicted 1n the FIGS. For example, 11 the device 1n the FIGS.
1s turned over, elements described as “below” or “beneath”
other elements or features would then be oriented “above”
the other elements or features. Thus, the term “below” can
encompass both an orientation of above and below. The
device can be otherwise oriented (rotated 90 degrees or at
other orientations), and the spatially relative descriptors
used herein can be interpreted accordingly. In addition, 1t
will also be understood that when a layer 1s referred to as
being “between” two layers, 1t can be the only layer between
the two layers, or one or more mtervening layers can also be
present.

2P &
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It will be understood that, although the terms first, second,
etc. can be used herein to describe various elements, these
clements should not be limited by these terms. These terms
are only used to distinguish one element from another
element. Thus, a first element discussed below could be
termed a second element without departing from the scope
of the present concept.

Having described preferred embodiments of a fishbone
long channel nanosheet device (which are intended to be
illustrative and not limiting), it 1s noted that modifications
and vaniations can be made by persons skilled in the art 1n
light of the above teachings. It 1s therefore to be understood
that changes may be made 1n the particular embodiments
described which are within the scope of the mvention as
outlined by the appended claims. Having thus described
aspects of the invention, with the details and particularity
required by the patent laws, what 1s claimed and desired
protected by Letters Patent 1s set forth in the appended
claims.

The 1nvention claimed 1s:

1. A method for reducing sagging eflects in nanosheet
devices, the method comprising:

forming at least two nanosheet structures over a substrate,

wherein each nanosheet structure includes alternating
layers of a first semiconductor material and a second
semiconductor material;

depositing a dielectric layer over the at least two

nanosheet structures;

depositing a dummy gate over the dielectric layer;

etching the first semiconductor material to create voids

filled with 1nner spacers;

removing the dummy gate and the dielectric layer such

that a supporting dielectric section remains between the
at least two nanosheet structures;

removing the etched first semiconductor material such

that a supporting structure 1s defined including the
supporting dielectric section and the second semicon-
ductor material; and

depositing a high-k metal gate directly contacting vertical

sidewalls of the second semiconductor maternial of the
supporting structure.

2. The method of claim 1, wherein the supporting struc-
ture defines a substantially fishbone configuration.

3. The method of claim 1, wherein outer spacers are
formed adjacent the dummy gate.

4. The method of claim 3, wherein the 1nner spacers and
the outer spacers are vertically aligned.

5. The method of claim 1, wherein source/drain regions
are formed adjacent the at least two nanosheet structures
with the etched first semiconductor matenal.

6. The method of claim 1, wherein the supporting struc-
ture 1s formed 1n between the at least two nanosheet struc-
tures.

7. The method of claim 1, wherein the supporting dielec-
tric section stabilizes the second semiconductor material to
prevent sagging along a length thereof.

8. A method for reducing sagging eflects 1n nanosheet
devices, the method comprising:
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forming at least two nanosheet structures over a substrate,
wherein each nanosheet structure includes alternating
layers of a first semiconductor material and a second
semiconductor material;
forming a supporting dielectric section 1 a pinch-off
region of the at least two nanosheet structures;

removing etched first semiconductor material from the at
least two nanosheet structures such that a supporting
structure 1s defined 1ncluding the supporting dielectric
section and the second semiconductor material; and

depositing a high-k metal gate directly contacting vertical
sidewalls of the second semiconductor material of the
supporting structure.

9. The method of claim 8, wherein the supporting struc-
ture defines a substantially fishbone configuration.

10. The method of claim 8, wherein a dummy gate 1s
deposited over a dielectric layer before etching the first
semiconductor material.

11. The method of claim 8, wherein inner spacers are
disposed adjacent the etched first semiconductor material.

12. The method of claim 11, wherein outer spacers are
formed adjacent the dummy gate.

13. The method of claim 12, wherein the inner spacers and
the outer spacers are vertically aligned.

14. The method of claim 8, wherein source/drain regions
are formed adjacent the at least two nanosheet structures
with the etched first semiconductor material.

15. The method of claim 8, wherein the supporting
structure 1s formed 1n between the at least two nanosheet
structures.

16. The method of claim 8, wherein the supporting
dielectric section stabilizes the second semiconductor mate-
rial to prevent sagging along a length thereof.

17. A semiconductor structure for reducing sagging
eflects 1n nanosheet devices, the semiconductor structure
comprising:

a long channel nanosheet device;

a supporting dielectric section disposed in a pinch-off

region of the long channel nanosheet device such that
a supporting structure 1s defined including the support-
ing dielectric section and alternating layers of a semi-
conductor material of the long channel nanosheet
device; and

a high-k metal gate directly contacting vertical sidewalls

of the semiconductor material of the supporting struc-
ture.

18. The semiconductor structure of claim 17, wherein the
supporting structure defines a substantially fishbone con-
figuration.

19. The semiconductor structure of claim 17, wherein the
supporting dielectric section stabilizes the alternating layers
of the semiconductor material to prevent sagging along a
length of the alternating layers of the semiconductor mate-
rial.

20. The semiconductor structure of claim 17, wherein the
supporting structure 1s formed 1n between nanosheet struc-
tures of the nanosheet device.
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